INTRODUCTION
Triacylglycerol (TAG) serves as the major energy reserve in higher eukaryotic organisms (1) . Free fatty acids (FFA) are mobilized from TAG through the hydrolytic action of lipases to provide substrates for oxidative metabolism in tissues, as well as substrates for synthesis of complex lipids and signaling molecules. Lipolysis -the breakdown of TAG to FFA and glycerol -occurs in an orderly and regulated manner, with different enzymes acting sequentially at each step (1) (2) (3) . Hydrolysis of TAG to diacylglycerol (DAG) is the first step (4-6), and our laboratory, and others, recently identified a novel TAG hydrolase in mice that we called desnutrin (5) (also known as TTS2.2, patatin-like phospholipase A domain containing 2 (PNPLA2), iPLAζ (4), or in humans, adipose triglyceride lipase (ATGL) (6) ). Desnutrin is highly expressed in white and brown adipose tissue where it is a major TAG lipase, but is also found at lower levels in most other tissues where it also plays an important role in TAG hydrolysis (7) (5, 7, 8) .
Desnutrin contains an N-terminal patatin-like domain, spanning amino acids , that is characteristic of many plant lipid acyl hydrolases (5, 9) . Enzymatic activity of desnutrin is predicted to be derived from an S47-D166 catalytic dyad that lies within an α-β hydrolase fold in the patatin-like domain (5, 9) . Mutation of the S47 residue to alanine has been shown to result in a complete loss of function in vitro, confirming the predicted serine-esterase activity of this enzyme (10) . However, the requirement of the D166 site has not yet been tested. Four individuals with point mutations in desnutrin/ATGL have been identified, and all developed neutral lipid storage disease with myopathy (NLSDM) (11, 12) . In one, a duplication mutation within the N-terminal patatin-like domain caused a frameshift after L159 that is predicted to truncate the enzyme at amino acid position 178, as well as to cause a D166R mutation (11) . In the other three individuals, mutations occurred distal to the patatin-like domain, causing at PENN STATE UNIVERSITY, on www.jlr.org Downloaded from 4 truncation of the C-terminal region of desnutrin in one or both alleles (12) . Surprisingly, however, truncated desnutrin/ATGL lacking the C-terminal region has been shown in vitro to have similar or even higher activity than the full length form (13, 14) .
To identify and characterize functional sites within desnutrin, we tested activity of a series of C-terminal truncations in adenovirus, and C-and N-terminal mutants by expressing them in cultured cells and measuring TAG breakdown. We found that truncation of the Cterminal region of desnutrin increases TAG hydrolase activity in vitro by increasing the apparent Vmax without changing substrate affinity (Km), which we show may be attributed to removal of an inhibitory interaction of the C-terminal region with the N-terminal region. Conversely, we also found that C-terminal truncation impairs TAG hydrolase activity in live cells. While care should be used in extrapolating between effects observed with murine and human forms of desnutrin/ATGL, demonstration that the C-terminal region of desnutrin is required for TAG breakdown in vivo may help to explain the NLSDM phenotype of human C-terminal mutations.
Two C-terminal region serines in full length desnutrin have previously been reported as sites that can be phosphorylated (S406 and S430) (15) . We investigated whether loss of phosphorylation at these sites may help to explain impaired activity of C-terminally truncated desnutrin in cells, but found that desnutrin TAG breakdown and localization to lipid droplets were unaffected by serine to alanine mutation of these residues. We also examined the N-terminal region and found that both S47 and D166 catalytic dyad residues located within the α−β hydrolase fold are critical for TAG hydrolysis within cells and in vitro. Within the proximal N-terminal region, we identified two overlapping motifs, a glycine rich motif and an amphipathic α-helix that are predicted by sequence analysis to be neutral lipid substrate-binding domains (16, 17 in the pEGFP-N1 vector (5) was used as a template for the production of desnutrin cDNA truncations for subcloning. Full-length desnutrin-green-fluorescent protein (GFP) cDNA was amplified by PCR (forward primer: 5'-ctcgagaccatgttcccgagggagaccaag-3'; reverse primer: 5'-aagcttttacttgtacagctcgtc-3') and subcloned into XhoI-HindIII sites of pShuttle-CMV (Stratagene). The W367X truncation was produced by PCR amplification (forward primer: 5'-gtcgacaccatgttcccgagggagaccaag-3'; reverse primer: 5'-gggccctccaccggatatcttcagggacatc-3') and the cDNA was subcloned in-frame with GFP into the SalI/ApaI sites of pEGFP-N1, then the fusion product was subcloned into SalI/NotI sites of pShuttle-CMV. The Q289X truncation was amplified (forward primer: 5'-gtcgacaccatgttcccgagggagaccaag-3'; reverse primer: 5'-gggccctatcctcctctccagccctctcctc-3') and the resulting cDNA was subcloned into SalI/ApaI sites of pEGFP-N1, then the GFP-fusion product was subcloned into SalI/NotI sites of pShuttle-CMV. 7 streptomycin (complete medium). G418 was added to 293FT cells and 3T3-L1CARΔ (500 µg/ml). 3T3-L1CARΔ cells were differentiated to adipocytes as previously described (19) .
Confocal microscopy-3T3-L1CARΔ cells were grown and differentiated on glass coverslips as previously described (19) .COS-7 cells were grown in 6-well plates on glass coverslips in complete medium containing 200 µM oleic acid bound to BSA (to promote lipid droplet formation). Cell were infected at a multiplicity of infection (MOI) of ~10, then maintained for a further 48 -72 h. Cells were labeled in culture with nile red (1 µg/ml), washed with PBS, fixed with 4% paraformaldehyde, then stained with DAPI (1 µg/ml). Coverslips were mounted on glass slides using the ProLong Antifade Kit (Invitrogen) and imaged using a Zeiss LSM 510 Meta Confocal Microscope. Co-Immunoprecipitaton-COS-7 cells were co-transfected with an N-terminal truncation of desnutrin tagged with HA and a C-terminal truncation of desnutrin tagged with FLAG.
In Vitro Triacylglycerol Hydrolase Assay-Lysates
Lysates prepared in RIPA buffer were centrifuged at 4°C for 20 min at 12,000 × g then rotated overnight at 4°C with antibodies to either HA or FLAG, or with a non-specific control IgG, followed by addition of 30 µl of protein A/G agarose beads for 1 hr. Beads were collected by pulse centrifugation and washed 4 times with lysis buffer prior to resolution by SDS-page and immunoblotting.
Statistical Analyses-Results are means ± SEM. Differences among groups were analyzed by one-way ANOVA with Dunnett's post-hoc test.
RESULTS & DISCUSSION
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To identify and characterize critical functional domains, we performed a series of studies with mutated and truncated forms of murine desnutrin examining TAG hydrolysis in live cells.
Desnutrin/ATGL is predicted to derive TAG hydrolase activity from an S47-D166 catalytic dyad located within an α−β hydrolase fold in the N-terminal region called the patatin-like domain, named for its shared homology with the plant acyl hydrolase patatin. However, humans with NLSDM have been found harboring mutations that occur both within as well as distal to the patatin-like domain, suggesting the importance of other regions in desnutrin for activity in vivo.
We constructed adenovirus expressing full-length desnutrin tagged with GFP, as well as GFPtagged desnutrin lacking portions of the C-terminal region. These full-length and deletion mutants are shown in alignment with a Kyte-Doolittle plot of hydropathy scores (Fig. 1A & B) .
The Q289X-GFP construct was designed to mimic the truncated protein that results from a nonsense mutation reported in a patient with NLSDM (12). The W367X-GFP construct was designed to truncate the C-terminal region while leaving intact the putative hydrophobic span occurring between amino acids 310 and 365 of desnutrin (12) .
We first tested the in vitro catalytic activity of full-length GFP-tagged murine desnutrin as well as the W367X-GFP and Q289X-GFP C-terminal region deletion mutants ( Fig. 2A) .
Although TAG hydrolase activity of desnutrin/ATGL is routinely measured in vitro, kinetics for this enzyme have not been reported previously. All three forms of desnutrin displayed classic Michaelis-Menten kinetics (Fig. 2B) . The Km for triolein for full-length desnutrin was determined to be 0.13 mM (Fig. 2C & F) . In this regard, the Km for triolein for hormonesensitive lipase has been reported to be 0.73 mM (21) . Higher affinity of desnutrin for triolein compared to HSL is in accord with the recently accepted function of HSL as principally a DAG hydrolase, rather than a TAG hydrolase (22 indicating that affinity for TAG did not change with loss of the C-terminal region (Fig. 2C-F) .
The apparent Vmax, however, was 4-to 5-fold higher for truncations of desnutrin than for the full-length form, indicating increased catalytic activity (Fig. 2F) . This finding is in agreement with a previous report suggesting that the C-terminal region of desnutrin/ATGL possesses a negative regulatory function in vitro (14) . To determine whether the C-terminal region may interact to mediate decreased catalytic activity of the N-terminal region, we differentially tagged and co-expressed these domains. Using either as bait, we were able to co-immunoprecipitate both, indicating an interaction between the C-terminal region and the N-terminal region ( We, therefore, measured TAG hydrolase activity of C-terminal truncations in live cells. COS-7 cells or 3T3-L1CARΔ adipocytes were uniformly labeled with [U- 14 C]palmitate that readily incorporates into complex cellular lipids including TAG, and then washed with unlabeled media before infection with various forms of adenoviral desnutrin. Cells were then maintained for a further 60 h to allow for viral expression and breakdown of radiolabeled TAG. We found that in COS-7 cells, full-length desnutrin-GFP (Fig. 3A) increased breakdown of radiolabeled TAG by >50% relative to control GFP, indicating abundant TAG hydrolase activity by desnutrin in this cell line (Fig. 3B) . Truncated desnutrin missing portions of the C-terminal region, however, completely lacked TAG hydrolase activity in COS-7 cells (Fig. 3B) . Previous work in COS-7 cells has reported that loss of the C-terminal region of human ATGL partially impairs (Fig. 3B) , suggesting that this truncated desnutrin may hinder TAG breakdown rather than merely lack activity. Previous work by others suggested that the C-terminal region of desnutrin may interfere with interaction with CGI-58 (14) . Therefore, Q289X-GFP may act in a dominant inhibitory fashion in COS-7 cells by forming increased interactions with CGI-58, or other yet to be identified cofactor(s), which are non-functional. Alternatively, truncated desnutrin lacking the C-terminal region may displace other lipases from the lipid droplet, but fail to make appropriate interactions required for activity at the lipid droplet surface. In 3T3-L1CARΔ adipocytes (Fig. 3C) , unlike effects observed in COS-7 cells, both Q289X-GFP and W367X-GFP displayed a partial capacity to hydrolyze TAG, although this activity was significantly decreased relative to that of full-length desnutrin-GFP (Fig. 3D) . The presence of residual activity by truncated desnutrin in adipocytes but not in COS-7 fibroblasts may help to explain the intriguing finding that individuals with truncated desnutrin in NLSDM are not obese, despite accumulating excessive TAG in other tissues such as skin and muscle (12) . Interestingly, we have observed by immunoblotting under non-reducing conditions that formation of higher molecular weight bands by desnutrin expressed in 3T3-L1CARΔ adipocytes is greatly diminished when the C-terminal region is deleted (data not shown). This indicates that the Cterminal domain of desnutrin may be involved in the formation of protein complexes and suggests that impaired protein-protein interactions may also contribute, at least in part, to decreased TAG hydrolase activity of truncated desnutrin in cultured cells.
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Our studies demonstrate that although the N-terminal region contains all residues necessary for catalytic activity in vitro, the C-terminal region is clearly critical for TAG breakdown in cells. The distal C-terminal region of human ATGL contains 2 previously identified residues (S406 and S430) that can be phosphorylated (15) , both of which lie within motifs that are conserved in murine desnutrin. The function(s) of these sites, however, are unknown. Since both W367X-GFP and Q289X-GFP lack these residues, it is possible that loss of critical phosphosphorylation events at these sites may contribute to loss of TAG hydrolase activity of truncated desnutrin in cells. We investigated the effect of S406A and S430A mutations in full-length desnutrin on localization to the lipid droplet, or TAG hydrolase activity in cells. Control GFP was found to localize diffusely throughout the cytoplasm and nucleus of both COS-7 cells and 3T3-L1CARΔ adipocytes ( Fig. 4A and B, respectively) . In contrast, desnutrin-GFP, and GFP-tagged mutants of desnutrin (S406A and S430A) were easily visualized on lipid droplets, indicating that phosphorylation at these sites is not critical for localization ( Fig.   4A and B) . We next tested the effect of these mutations on TAG breakdown in live cells (Fig.   4C ). 293FT cells transfected with desnutrin-GFP had significantly greater TAG breakdown relative to GFP-transfected control cells. S406A-GFP and S430A-GFP mutants showed TAG breakdown similar to wild type desnutrin, indicating that phosphorylation at these sites is not necessary for TAG breakdown, and that loss of phosphorylation at these sites does not explain impaired TAG breakdown by C-terminally truncated desnutrin.
It is likely that elucidation of the complete function and mechanism(s) underlying requirement of the C-terminal region of desnutrin/ATGL for TAG hydrolase activity in live cells will require considerable additional work. Of note, an important difference in the C-terminal domains of murine desnutrin and human ATGL is suggested by our studies. We found that TAG 14 hydrolase activity of the W367X-GFP truncation was impaired in cells, although the putative hydrophobic span (Fig. 1A and B) was intact, whereas interruption of the hydrophobic span has previously been shown to be required to impair TAG hydrolase activity of C-terminally truncated human ATGL (13) . Therefore, in mice, significantly more of the C-terminal domain appears to be critical for activity in cells. In this regard, others have also reported functional differences between the C-terminal regions of murine desnutrin and human ATGL in vitro (14) . terminal region (M237-C486-GFP) and found that it was easily and strongly visualized on lipid droplets in COS-7 cells (Fig. 5A) . The C-terminal domain alone is therefore sufficient for lipid droplet localization, while the N-terminal region and patatin-like domain contains the TAG substrate binding and hydrolysis sites that are critical for catalytic activity, but are not necessary for lipid droplet residency.
We next tested the requirement of predicted functional amino acids for TAG hydrolysis by desnutrin in cells. Although mutational analysis has previously confirmed requirement of S47
for activity in vitro (10), the D166 residue has not previously been tested, nor has the importance of either site been examined in live cells. Here, we report that both sites are critical for TAG hydrolysis in cells (Fig. 5B ) and in vitro (Fig. 5F ). Sequence alignment of murine desnutrin and human ATGL indicates that two motifs in the proximal N-terminal region are highly conserved (Fig. 5C) . The first is a glycine-rich decapeptide ISFAGCGFL(G) corresponding to amino acids 10-19. This motif consists of invariant glycine residues in the sequence XhXhGXGXX(G) where X = any residue, h = a hydrophobic residue, and the final G is optional (17) . This sequence has been identified in proteins as a dinucleotide binding motif (24) , but it is also found in phospholipases A2 where it stabilizes the transition state during catalysis (17, 25) . We found that G14A mutants showed partially impaired TAG breakdown in 293FT cells relative to wild type desnutrin, retaining only about 40% activity (Fig. 5D) . Conversely, however, G16A and G19A mutants showed similar TAG breakdown to wild type desnutrin, indicating that these sites are not critical in cells. In vitro, none of the sites appeared to be required for activity (Fig. 5F) ,
suggesting that the G14 residue may play an indirect role in TAG hydrolysis in living cells, possibly by participating in interactions with other cellular proteins. The second motif consists of the octapeptide FLGVYHIG corresponding to amino acids 17-24 that is a non-consensus version of the sequence FLXLXXXn, where X = any residue except proline and n = a nonpolar residue (Fig. 5C ). This motif is predicted to form an amphipathic α-helix involved in binding of nonpolar lipid substrates, and is found in a number of diverse enzymes with functions in lipid metabolism including triacylglycerol hydrolase, which is a hepatic TAG lipase (16, 26) . Our mutational analysis indicated that the phenylalanine at position 17 is critical to TAG breakdown by desnutrin in cells, since conversion of F17A completely abolished TAG breakdown to control levels ( Fig. 5E) . On the other hand, L18A or V20A mutations only partially blunted TAG breakdown to 55-60% of wild type desnutrin levels (Fig. 5E) . Similar effects of alanine conversions were observed for these mutants when assayed in vitro (Fig. 5F ). Taken together, our results suggest an important function for the proximal N-terminal region of desnutrin in TAG hydrolysis, while sequence analysis and comparison with other lipid metabolizing enzymes suggests that this region may have a potential role in binding TAG substrate.
In conclusion, here we attempted to define critical domains and residues of desnutrin 
